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Abstract

A modelling study of hippocampal pyramidal neurons is described. This
study is based on simulations using HIPPO, a program which simulates the
somatic electrical activity of these cells. HIPPO is based on a) descriptions
of eleven non-linear conductances that have been either reported for this
class of cell in the literature or postulated in the present study, and b) an
approximation of the electrotonic structure of the cell that is derived in this
thesis, based on data for the linear properties of these cells.

HIPPO is used a) to integrate empirical data from a variety of sources
on the electrical characteristics of this type of cell, b) to investigate the
functional significance of the various elements that underly the electrical
behavior, and ¢) to provide a tool for the electrophysiologist to supplement
direct observation of these cells and provide a method of testing speculations
regarding parameters that are not accessible. =~ PR

The novel results of this thesis include: ﬂ Ve

¢ Simulation of a wide range of electrical behavior of hippocampal pyra-
midal cells by using descriptions of ionic conductances (channels) whose
kinetic properties are developed from both limited voltage-clamp and
current-clamp data and from the theory of single-barrier gating mech-
anisms. This result suggests that the single-barrier gating mechanism
of the Hodgkin-Huxley model for ionic channels is empirically valid for
a wide variety of currents in excitable cells.

e An estimation of the linear parameters of hippocampal pyramidal cells
that suggest that the membrane resistivity, and thus the membrane
time constant, is non-homogeneous.

e An estimation of dendritic membrane resistivity (Rn) and cytoplas-
mic resistivity (R;) that is higher than generally considered, and the
conclusion that the cell is more electrically compact than previously
thought. This compactness implies that distal and proximal dendritic
input have similar efficacies in generating a somatic response.

e A method for estimating the dimensions of the equivalent cable ap-
proximation to the dendritic tree based solely on histological data.




Descriptions of three putative Na* currents (Iny—trigy INa=rep, and
INqa—tqit) that quantitatively reproduce the behavior generally ascribed
to Na* currents in hippocampal pyramidal cells.

Descriptions of two Ca?* currents (Ig, and Ig,s) and a system for
regulating Ca®* inside the cell that qualitatively reproduces the data
for Ca?*-only behavior in hippocampal pyramidal cells.

Descriptions of six K+ currents (a delayed rectifier K* current - Ipg,
a transient Kt current ~ I4, a Ca?t-mediated K+ current - I, a
Ca?*t-mediated slow Kt current - I4yp, a muscarinic K+ current -
Ip, and an anomalous rectifier K+ current — Ig) that are consistent
with the available data on these currents and that reproduce either
quantitatively or qualitatively the behavior associated to each current
during the electrical response of hippocampal pyramidal cells.

Simulations demonstrating possible computational and/or pathologic
roles for the model currents.

The design of an interactive program that simulates hippocampal pyra-
midal cells with a variety of models of electrotonic structure and the
inclusion of Hodgkin-Huxley-like non-linear conductances at various
points in the cell.
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Chapter 1

INTRODUCTION

1.1 Modelling Neurons of the Central Nervous
System

Understanding the brain is a multi-level task, incorporating perspectives
from molecular biology to cognitive science and psychology. At some point in
this hierarchy the single cell is encountered, and the view that all information
processing in the brain derives from mechanisms on this level is generally
accepted; i.e. it is correct to speak of a neuron processing signals, rather
than the neuropil being the basic functional unit for computation.

The actual role of individual neurons in information processing is open
to speculation. In some systems good arguments have been advanced in
support of the handling of certain tasks by specific cells. In most structures
in the central nervous system (CNS), however, the role of the single cell
is not well defined. Typically, descriptions of information processing in the
CNS refer to anatomical structures consisting of (at least) thousands of cells,
and fail to assign roles to single cells.

Thus, an investigation into information processing on the level of the
single neuron is important. Over the past decade quantitative data on CNS
neurons has grown considerably, and interpretation of this data is now ap-
propriate in order to establish the role of the neuron as it receives the multi-
tudinous signals from the neural mesh. Utilization of systematic models is a
method of addressing this problem. One of the models that is an appropriate
vehicle for this task is named HIPPO
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1.2 The HIPPO Model of Hippocampal Pyrami-
dal Cells

This thesis describes the development and application of the computer model,
HIPPO. This model simulates the somatic electrical behavior of a stereo-
typical cortical integrating neuron, the mammalian hippocampal pyramidal
cell (HPC). The development of HIPPO includes an estimation of the elec-
trical structure for this cell, development of the numerical technique used in
the model algorithm, integration of electrophysiological data into the model
(particularly that describing the non-linear conductances reported for the
HPC), and implementation of the model on a Symbolics 3600 LISP machine.
The application of HIPPO includes an integration of sparse and conflicting
data obtained from a variety of electrophysiological protocols. Applying
HIPPO includes also testing of speculations regarding characteristics not
accessible to in vivo or in vitro measurement.

As set forth this report, modelling a non-linear system as complex as
the hippocampal pyramidal cell is problematic at best. The situation is
complicated by both the numerous interdependencies of the mechanisms
underlying electrical behavior in these neurons!, and by the approximations
and assumptions (e.g. the Hodgkin-Huxley model, ref. Chapter 4) that are
required due to the present state of the data.

In light of these difficulties, this model is presented with the understand-
ing that many of the putative mechanisms described could easily be incorrect
in their details, but given the constraints imposed on the development of the
model parameters (as defined throughout this Thesis), these descriptions are
reasonable in that they are based on first principles and that they generate
the desired behavior. At best, the descriptions will in some way reflect what
is actually going on in these cells; at worst, the descriptions and the result-
ing behavior of the model will generate testable predictions and suggestions
for postulating more accurate mechanisms.

In fact, these interdependencies provide important and implicit constraints on the
derivation of parameters, which in turn causes the selection of parameters to be less
arbitrary than otherwise would be the case. These constraints are manifest in the cross-
checking of overall model behavior, required whenever a subset of the model parameters
is altered. This point will be reiterated several times in later chapters when strategies for
developing various elements are reviewed.
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1.3 Organization of Thesis

In this chapter Sections 1.4 through 1.7 will introduce the hippocampal
pyramidal neuron and describe the motivations for modelling this cell. Some
comments on the applied aspects of the program are also presented.

Chapter 2 contains a discussion of the strategy used herein in develop-
ing HIPPO and the basic structure of the model, outlining the geometry
of the model and the type of circuit that it simulates. The development of
HIPPO involves careful examination of the literature on hippocampal cells
(and other neurons, as required) in conjunction with consultation with elec-
trophysiologists. The techniques used by the electrophysiologist to measure
the various components of the electrical behavior of a neuron are reviewed
since these techniques guide the construction of the model from available
data and the evaluation of any inconsistencies in that data. This chapter
closes with a brief discussion of the network elements, in particular the elec-
trochemical potentials that drive the electrical excitability of these neurons.

Chapter 3 covers the evaluation of the linear characteristics of the HPC.
This analysis forms a basis for building the model of the pyramidal neuron,
particularly since many of the non-linear parameters must be estimated from
incomplete data. Estimating the characteristics of non-linearities in the cell
is fruitless without a solid linear description to build on. Several approaches
to this problem , as well as a critical review of the published data on the
linear structure of the HPC, are presented. Finally, the linear parameters
used for the present version of HIPPO are discussed.

The non-linear conductances in the model are all based on some varia-
tion of the classic Hodgkin and Huxley model ([21], [20], [22], [23]) of the
Nat and K+ conductances in the squid axon. This approach represents a
major assumption in the HIPPO model, particularly since many of the non-
linear conductances in HPC have not been conclusively demonstrated as
being Hodgkin-Huxley-like conductances. However, in light of the paucity
of data for these cells, this approach is a reasonable one, and in fact has
been successful in reproducing many qualitative and quantitative aspects of
HPC electrical behavior. Since the Hodgkin-Huxley model is of such basic
importance to the HIPPO description, this model and the application of
this model to putative HPC conductances are described in Chapter 4. In
addition, the implications of the single-barrier gating interpretation of the
Hodgkin-Huxley model are discussed in detail.

In the next three chapters the development of descriptions of the various
non-linear currents is described, along with the simulated behavior of these
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currents. In these chapters the behavior of the model is compared typi-
cally with data from cells obtained under conditions similar to those being
simulated.

In Chapter 5, the three proposed Na* currents, INg—trigy INa=rep, and
INo—tail, are presented and the HIPPO simulation of Nat-only HPC behav-
ior is shown.

In Chapter 6, the HIPPO description of the two Ca?* cusrents, I¢, and
Icas, are presented with simulations of Ca?*-only HPC behavior, as well as
the HIPPO description of the dynamics of intracellular Ca?* and the factors
that determine the concentration of Ca?* underneath the cell membrane.
This latter component is important since two K+ currents (Ic and Iayp)
are presumably mediated by the concentration of intracellular Ca?t, and
the magnitude of [Ca®*),pei1.1 (ref. Chapter 6) can significantly change the
reversal potential for Ca?t ( E¢,).

In Chapter 7 the six K% currents in the model are presented. These
currents, Ipr, 14, Ic, Ianp, IM, and Ig, display a wide range of activa-
tion/inactivation characteristics and thus modulate the HPC response in
many different ways. The parameters used in the model for these currents
are presented here, as well as various simulations demonstrating their be-
havior.

In Chapter 8 and Chapter 9 some selected simulations are presented of
voltage clamp protocols and current clamp protocols, respectively. These
simulations augment the ones that are presented in earlier chapters, and
demonstrate the overall behavior of the model and how the model reproduces
various data taken from cells. In contrast to the results presented in earlier
chapters, the simulations discussed here represent speculative behavior of
the HPC, given the HIPPO description of its electrical characteristics.

In Chapter 10 implications of the results obtained by the model are
discussed, and the validity of both these results and the approach used in
constructing HIPPO. Guidelines are also proposed regarding the application
of HIPPO. In the final chapter, Chapter 11, some of the future applications
of HIPPO are presented.

In Appendix A a sample simulation session is described, showing the
interactive nature of the menu-driven HIPPO and the presentation of simu-
lation results. Appendix B contains a description of the predictor-corrector
algorithm used by HIPPO to solve the network equations. In Appendix C
the structure of the HIPPO code will be described. Appendix D contains
the software listing for HIPPO.
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1.4 Hippocampal Pyramidal Neurons As A Stereo-
typical Cortical Integrating Neuron

The hippocampus is a part of the cerebral cortex. This structure carries
and (presumably) processes signals projecting to and leaving from various
regions of the neocortex. The hippocampus forms along the free medial edge
of the temporal lobe of each cerebral hemisphere, extending from the several
layers of neocortex, forming its characteristic spiral, which in turn consists
of a single layer of pyramidal cells. Historically, the striking anatomy and
connectivity of the hippocampus has made it one of the more studied areas of
cortex. Although the classical role of the hippocampus as a major player in
the so-called “limbic system” is now being re-evaluated, there is substantial
evidence of various functional roles of this structure, including a putative
role in mediating long-term memory.

The pyramidal neuron is the basic efferent cell of the cerebral cortex,
integrating afferents from both intracortical and extracortical structures.
The connectivity of a single pyramidal cell is typically very large, with hun-
dreds to thousands of afferent connections. This input tends to be quite
segregated, with distinct tracts originating from various structures making
synapses with specific regions of the pyramidal cell’s extensive dendritic tree.
The pyramidal cell, as one of the major cell types in the cortex, is an impor-
tant determinant of cortical function on the cellular level. The hippocampal
pyramidal cell is representative of this class of neurons, and for these reasons
and those set forth below, it is a cell of choice for investigations of central
neuron characteristics.

The large body of knowledge for the hippocampus has been enhanced in
recent years by the brain slice technique used for obtaining stable in vitro
electrophysiological measurements with various micro-electrode techniques.
In the slice technique, approximately 500 u#m thick transverse slices of freshly
excised hippocampus (typically rat or guinea pig) are maintained for sev-
eral hours in small chambers filled with an appropriate oxygenated solution.
Once set up in this manner, intracellular recordings from microelectrodes can
be obtained for several hours. A related technique, which also has been de-
veloped recently, is the combination of patch clamp recording methods with
pyramidal cells cultured from embryonic neurons. This technique, while
clearly moving one more step away from the physiological environment, al-
lows for higher quality measurements due to the improved electrical nad
mechanical characteristics of the patch electrode over the micro-electrode.
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The hippocampal pyramidal cell has therefore been chosen as the target
cell for the present study. To build this model, an attempt was made to
evaluate a large sample of the literature, which is quite extensive. As an
initial modelling study, this effort was successful in quantifying much of the
behavior of this representative cell in the CNS, and in establishing the basic
aspects of somatic HPC function. These results may be extended to other
cells in the CNS, especially when more data on these cells becomes available.

1.5 Application of HIPPO

An important aspect for the application of the HIPPO model as a research
tool is its flexibility. The structure of HIPPO allows straightforward testing
of the sensitivity of the model to changes in various parameters. In particu-
lar, estimating a parameter which is based on low-confidence experimental
data can require testing of values over a wide range. One cost of this flexibil-
ity is in the execution time of a given simulation protocol. For this reason,
versions of HIPPO were developed which had a relatively fixed structure
and simulation protocol but executed considerably faster. In some cases
the use of these quick “customized” HIPPOs was effective in developing an
intuitive sense of the behavior of the model, and presumably that of the
cell. For example, voltage-clamp simulations of isopotential structures in-
volve considerably less computation than that of voltage-clamp simulations
of non-isopotential structures or current-clamp simulations in general. Yet,
to a first approximation, much of the data in the literature can be effectively
simulated with the simplified voltage-clamp protocol. Once initial estimates
of simulation parameters have been tested on the simplified HIPPO, then
the more general HIPPO can be used to examine more realistic structures.

1.6 The User Interface

A substantial effort was invested in the user interface of HIPPO. Input to the
model is done via a menu hierarchy (ref. Appendix A) that allows efficient
manipulation of relevant parameters and a subsequently rapid set-up for a
given simulation. A limited degree of automated simulation execution is also
provided. Output of HIPPO is both graphical and numerical. Manipulation
of the output is straightforward and non-displayed parameters are easily
accessible. The user interface design has a net result of being able to use
HIPPO in an interactive, self-documenting fashion.
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1.7 Previous Work

Much of the program design philosophy and the approaches used in esti-
mating model parameters were inspired by an earlier model constructed by
Prof. Christof Koch and Prof. Paul Adams for the bullfrog sympathetic

ganglion cell [2].
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Chapter 2

MODELLING STRATEGY
AND THE ELEMENTS OF
HIPPO

2.1 Introduction

The goal of the HIPPO model is to give a reasonable description of a non-
linear time-varying multi-variable system. To achieve this, development of
the model was accomplished in stages of increasing complexity along sev-
eral degrees of freedom, including the geometry of the model cell and its
non-linear, time-varying properties. Since many of the network components
are non-linear, superposition does not hold in general. The resulting inter-
dependence of the parameters was a considerable problem in constructing
a valid description, especially since any change in a single parameter often
meant that much of the model behavior had to be checked. Careful evalu-
ation of experimental results was essential in order to prevent generation of
false-positive solutions. This chapter will discuss the general development
of the model, the structure of the modelled system and its elements.

2.2 Determining the Validity of the Model Re-
sults

A key consideration in the interpretation of the HIPPO results is in deter-
mining the validity of a given version of the model. There is no clear-cut
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unique solution set for the model parameters. For example, many (non-
physiological) descriptions of the kinetics will yield reasonable behavior.

The basic approach considers an evaluation of as many parameters as
possible under orthogonal or nearly orthogonal simulation protocols, mim-
icking the electrophysiologist’s technique. Particular attention is paid to
when experimental results reflect the overlapping of several kinetic mecha-
nisms, particularly when superposition does not hold (when superposition
does hold, then it may be exploited to extract the relevant parameters from
the total response). Whenever several non-linear elements contribute to the
model response the model is used iteratively to test different hypotheses for
the parameters in question.

Most of the HPC currents are present over a limited range of membrane
voltages. In the simplest case, involving a determination of the kinetics
of a system with two currents X1 and X2, when the activation ranges for
X1 and X2 are non-overlapping, then the voltage clamp protocol will have
no problem quantifying each current. In practice, however, there are few
currents that experience an exclusive range of activation, and therefore the
situation is more complicated !.

While more than one current may be activated at a given voltage range,
different components may be distinguished if they have significantly different
time courses. For example, J4 and Ipr are activated over the same range.
Since I4 activates and inactivates much faster than Ipgr over part of this
range, however, the two currents can be distinguished by their distinct time
courses in voltage clamp protocols (Segal and Barker, 1980).

Another technique to separate different currents is to exploit the phar-
mocological sensitivity of some currents. For example, Nat currents are
generally believed to be blocked by the puffer fish toxin, tetradotoxin (TTX),
and that channels for other ions are largely unaffected by TTX. Thus, in
voltage clamp preparations TTX is commonly used to unmask currents that
might otherwise be swamped by larger Nat currents. with simitar kinet-
ics. Other examples of selective blocking of currents include the use of
tetra-ethylammonium (TEA) to block some potassium currents (e.g. Ipgr),
4-aminopyridine (4-AP) to block I, and various Ca?* blockers (e.g. Mnt)
or Ca?* -chelators to inhibit Ca?* currents , and calcium-mediated currents
(Ic and IAH]D) (ref. Table 7.1).

1The main exception is Iq, which is the only current activated at fairly hyperpolarized
potentials (Chapter 7). The leak current is superimposed on the Q current, but that may
be readily distinguished from the Iq.
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